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Abstract ─ Post-processing techniques for polarimetric 

passive millimeter wave (MMW) imagery are proposed 

to display imaging information comprehensively. 

Initially an image fusion method based on two-scale 

decomposition is proposed to realize polarimetric passive 

imagery fusion. The fusion rules are separately designed 

for base layer and detail layer to reconstruct weight maps. 

Then an improved technique for displaying polarization 

information through color is proposed to present 

polarization features simultaneously with unpolarized 

imagery. Experimental results demonstrate that the 

proposed post-processing techniques are capable of 

presenting more informative imagery. 

 

Index Terms ─ Millimeter wave passive imaging, 

polarimetric imaging, remote sensing. 

 

I. INTRODUCTION 
Millimeter wave (MMW) passive imaging sensor 

constructs the MMW images of the observed scene by 

recording radiometric temperature distributions. Recently 

passive MMW imaging sensors have been increasingly 

applied in a variety of fields, including security screening, 

surveillance and person recognition due to their ability 

to image through textiles, smoke, fog, light rain, dust 

storms [1-2]. Moreover, several polarimetric passive 

MMW imaging sensors have already been developed to 

provide polarimetric information of the observed scene 

[3-5]. 

Due to the wide applications of polarimetric passive 

MMW imaging system, how to process polarimetric 

information of objects is becoming an important research 

topic. Polarimetric brightness temperatures have been 

successfully used for remote sensing of wind speed  

and direction over sea surfaces [5-6]. Polarization-based 

techniques are presented to classify materials and acquire 

object surface orientation information using polarimetric 

passive MMW imagery [7-8]. A linear polarization sum 

imaging method which is based on the combination of 

the different polarization images is presented in [9] to 

increase the intensity contrast between the target area 

and background area. In our previous work [10], linear 

polarization characteristics of various terrains at MMW 

band for image interpretation were experimentally 

investigated. And it was proved that polarization has a 

decisive advantage over the single intensity for terrain 

identification. 

However, there are few literatures have discussed 

the post-processing techniques for polarimetric passive 

MMW imagery collected by polarimetric imaging sensors. 

Siegenthaler et al. illustrated the image registration  

and fusion for the MMW images of 91 GHz Scanning 

Polarimetric Imaging Radiometer (SPIRA) and optical 

images [11]. A technique defined as polarization display 

through Color (PDC) is proposed in [12] to display 

polarization information from passive MMW sensors 

within a single image.  

As the fused information is useful for the 

understanding enhancement of surroundings and is 

beneficial to human and machine vision for planning and 

decision-making, a method based on computationally 

efficient two-scale decomposition is proposed for 

polarimetric passive MMW imagery fusion. In addition, 

an improved technique for displaying polarization 

information through color which is capable of providing 

more details compared with the conventional PDC is also 

presented in this paper. 

 

II. STOKES VECTOR DEFINITION 
The signal received by MMW radiometer comes 

from the emitted radiation of objects and refracted or 

reflected radiation of objects and background. Therein, 

MMW radiation emitted by objects are not polarized. 

However, it differs in the reflection and refraction of 
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polarized radiation from various media and leads to 

partial polarization of radiation energy collected by MMW 

radiometer. Stokes parameters are commonly employed 

to characterize the polarization of electromagnetic wave 

and are well applied to describe the polarimetric 

information of passive MMW imagery. The expression 

of Stokes parameters is comprised of four elements, 

which can be written as: 
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where, 
0S , 1S , 2S  and 

3S  represent the total intensity of 

radiation in all polarizations, the difference in intensity 

between two orthogonal linear polarization states, the 

degree of linear polarization at an angle of 45  to  

the horizontal and the degree of right-hand circular 

polarization respectively [5]. T denotes the radiometric 

temperature with different polarization modes, the 

subscripts of h, v, 45 , -45 , RHC and LHC represent 

horizontal, vertical, linear 45 , linear -45 , right-hand 

circular and left-hand circular polarization mode 

respectively. 

Polarimetric passive MMW imaging systems are 

usually constructed with incoherent or coherent methods. 

For the incoherent PMMW imaging system, it requires 

simpler hardware with one receiver, thus it cannot 

measure Stokes parameters simultaneously. One the other 

hand, correlation polarimetric MMW system with parallel 

receivers is preferable to measure all Stokes parameters 

at a time. But the additional components will lead to 

higher cost and decreased performance of imaging system. 

To make that the proposed techniques can be applied to 

both incoherent and coherent imaging systems, the first 

two Stokes parameters, i.e., the sum and difference 

between the vertical and horizontal polarization states, 

are easily obtained for both kinds of imaging systems 

and thus will be processed to demonstrate the proposed 

post-processing techniques. 
 

III. POST-PROCESSING TECHNIQUES 

A. Polarimetric imagery fusion 

It is known from the Rayleigh-Jeans law that the 

radiation emitted from the object is linear with the 

temperature at MMW frequencies, the retrieved parameter 

of imaging radiometer is radiometric temperature instead 

of intensity by calibrating the sensor with hot and cold 

calibration sources. So the measured Stokes parameter 

0S  is the average of horizontal and vertical radiometric 

temperatures and it can be regarded as the unpolarized 

image, whereas Stokes parameter 1S  is radiometric 

temperature difference between the two orthogonal linear 

polarization states In this section, an image fusion 

algorithm which retains both radiometric intensity and 

polarimetric difference features is proposed to improve 

image readability. The processes sketch of the presented 

method for polarimetric passive MMW imagery fusion 

is presented in Fig. 1. 
 

 

 

Fig. 1. Schematic diagram of the proposed fusion method 

for polarimetric passive MMW imagery. 

 

An average filter based two-scale decomposition 

[13] is employed to decompose the polarimetric passive 

MMW images into the base layers and detail layers.  The 

base layer of each source image is expressed as: 

 n nB S Z  , (2) 

where 
nS  is the polarimetric passive MMW source 

image, Z is the average filter. The detail layer of the 

decomposed image can be obtained based on base layer 

with the following expression: 

 n n nD S B  . (3) 

By performing the above decomposition steps, each 

separate passive MMW image is decomposed into a base 

layer containing the large-scale variations in intensity 

and a detail layer containing the small-scale details. 

Based on achievements of the base layer and detail  

layer which correspond to the low-frequency and high-

frequency components separately, the fusion of the base 

layer and detail layer can be respectively completed by 

constructing proper weights with: 
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where, 
0

B

Sw  and 
1

B

Sw  are the weight factors constructed 

for the base layer fusion, and 
0

D

Sw  and 
1

D

Sw  are the weight 

factors constructed for the detail layer fusion. The final 

fused image can be constructed by the addition of the 

updated base layer and the updated detail layer: 

 F B D  . (6) 

The human perception system is sensitive to the 

contrast of visual signals, such as color, intensity and 

texture, and this phenomenon is regarded as the spatial 

attention [16]. As the low-frequency component is the 
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approximation of an image, the visual spatial attention 

based fusion rule is employed for the low-frequency 

component to keep the salient profiles of the both source 

images as much as possible. Based on the saliency map 

proposed in [14] which is built upon the color contrast 

between image pixels, a similar saliency value of a pixel 

kP  in image P is computed as: 

  
i

k k i

P P

SalS P P P
 

  . (7) 

where,    denotes the radiometric temperature distance 

metric. Assumed that the gray value of the pixel 
kP  is  

ma  after mapping the measured radiometer temperatures 

linearly to range of [0,255], the above expression can be 

rewritten as: 

  
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

  . (8) 

where nf  denotes the frequency of pixel value 
na  in the 

image and it can be obtained in histograms. Subsequently, 

the saliency maps  ,SalS x y  of the source images can be 

constructed and the fusion weight factors are determined 

using the following expression: 
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The detail layer of the image presents detailed 

features, such as texture, edge. The local energy based 

weighted average method is used to keep detailed 

information. The local energy within region R of each 

pixel in source image is given as: 

    2

,

, ,
m n R

E x y a x m y n
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   , (11) 

where,  ,a x y  represents the gray level of the pixels. 

Based on the constructed local energy maps of source 

images, the fusion weight factors can be determined by: 
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As above, the base layer and detail layer weigh maps 

construction method is able to keep salient and interested 

features of the source images, it will lead to a better 

fusion performance compared to most weight factors 

construction methods like simply averaging of the source 

images. 
 

B. Polarization information display 

Though the fused image preserves the details of 

separate polarimetric passive MMW images, it provides 

less information than a color image due to the limitations 

of image grayscale. There is an alternative approach to 

display polarimetric information of passive MMW 

imagery with a color image determined by polarization. 

An example of that is the technique named PDC 

(polarization display through color) introduced in [12]. 

For the convenience of comparison, the hue, saturation, 

lightness cylindrical-coordinate color mapping system is 

used to deliver a color image in this paper as done in [12]. 

As the difference between the two orthogonal linear 

polarization states is applied to target identification in 

some biological systems, the imaged scene is classified 

into three categories by setting thresholds for the Stokes 

parameter 
1S . Here the mean value of 

1S  is employed  

as the offset 
offsetT  which is resulted by the kinetic 

temperature of object. And the threshold   is determined 

with the following expression: 

  = 2med dfT T  , (14) 

where 
medT  is the median of 

1S , 
dfT  is the difference 

between 
medT  and the maximum or minimum value of 

1S  which leads to a smaller number. So the pixels of 

image will be classified into three groups by determining 

the values position relative with thresholds of 
offsetT  , 

including pixels smaller than -offsetT  , pixels between 

-offsetT   and +offsetT  , and pixels larger than +offsetT  . 

And the hue value of each pixel in the color image is 

assigned to one of the three different constants which 

would determine the color of the image depending on the 

classification results. As for the saturation, it is shaped 

with the values of Stokes parameter 1S  which are linearly 

scaled to a range of  ,1sat  for each classification. 

Compared with a constant saturation value, more details 

can be provided by the varying color saturation. At last 

the unpolarized image is mapped to the lightness of color 

mapping system, where the maximum is scaled to 1 and 

the minimum is scaled to 0. 

 

IV. EXPERIMENTAL RESULTS 

A. Fusion results and evaluation analysis 

Several polarimetric passive MMW images collected 

by the raster-scanned polarimetric imaging sensor [15] 

are processed with the proposed method. The window 

size of the average filter Z in Equation (2) is set to 31*31 

for numerical results as suggested in [13], [18]. And the 

size of region R in Equation (11) is 2*2 to obtain optimal 

comprehensive performances. A scene of the experiment 

is shown in Fig. 2 (d). It can be seen that a digger is 

adjacent to an asphalt road which went laterally across 

the lawn. A metal plate with a tilting angle of 45  to the 

horizon is put on the right side of the vehicle. Behind the 

lawn there are mountains and buildings as well. The first 
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two Stokes parameters of collection are shown in Fig.  

2 (a) and Fig. 2 (b) respectively. Disturbances resulted 

from the radio frequency interference of the second 

imaging sensor working simultaneously can be clearly 

seen around the cab, and the temperature range is 

adapted to display more details. 

 

  
   (a) (b) 

  
   (c) (d) 

 

Fig. 2. Polarimetric MMW imagery and fusion result  

of a digger. (a) Unpolarized image 0S , (b) polarization 

difference image 
1S , (c) fused polarimetric image, and 

(d) photo of the imaging scene. 

 

It can be seen in Fig. 2 (a) that the sky and the tilted 

metal plate have a lower radiometric temperature. The 

cold temperature of metal plate is resulted by the 

reflection of sky due to its high reflectivity close to 1. 

The radiometric temperature of the asphalt road is lower 

than that of the lawn due to a higher reflectivity. The 

above results can be explained with the expression of 

detected radiometric temperature given by: 

          , , , + 1- , ,a inc objT x y R x y T x y R x y T x y    , (15) 

where 
aT  is the radiometric temperature, R denotes the 

reflectivity, 
incT  stands for the radiometric temperature 

incident on the object at the reflection angle, objT  is the 

kinetic temperature of the object. For the observed scene, 

radiometric temperature incident on the objects is the 

radiometric temperature of clear sky which is a cold 

source. As the reflectivity of the metal plate is close to 1, 

it is known from the above equation that 
aT  is almost the 

same with the radiometric temperature of sky and thus  

it resulted in a low temperature of the metal plate. Also, 

it can be concluded from Equation (15) that a higher 

reflectivity will bring a lower radiometric temperature if 

two targets have the same kinetic temperatures. 

In Fig. 2 (b), radiometric temperature difference 

between horizontal and vertical states for the asphalt 

road is higher which is caused by a big Fresnel 

coefficient difference between the orthogonal states. 

Also the inverted reflections of the vehicle and the tilted 

metal plate on the road are also obvious from the both 

figures. With the proposed fusion method, more details 

can be found in the fused image compared with the 

source images. 

As shown in Fig. 3 (d), a basin full of water is placed 

on the lawn and imaged with the polarimetric MMW 

imaging system. The delivered polarimetric images are 

presented in Fig. 3 (a) and Fig. 3 (b) respectively. 

 

  
   (a) (b) 

  
 (c) (d) 

 

Fig. 3. Polarimetric MMW imagery and fusion result  

of a basin. (a) Unpolarized image 
0S , (b) polarization 

difference image 1S , (c) fused polarimetric image, and 

(d) photo of the imaging scene. 

 

It is seen from the imaging results that the 

radiometric temperature of water is lower than that of the 

lawn because it reflects more radiation of the cold sky. 

Also a big polarization difference is observed for water 

because the reflectivity difference between horizontal 

and vertical polarization is larger. And the horizontal 

radiometric temperature of water is lower due to a lager 

reflectivity in this polarization. The fused image obtained 

with the proposed method is shown in Fig. 3 (c). It can 
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be also found that the fused image provides more details 

than any single source image. 

Though the subject evaluation is a direct and effective 

method, it varies a lot as this depends on the individuals’ 

experiences. As a result, some metrics such as standard 

deviation (SD), entropy (EN), mean gradient (MG), and 

spatial frequency (SF) are employed to evaluate the 

quality of the fused images objectively. 

The standard deviation delivers an overview of the 

contrast of image. A larger standard deviation means a 

higher image contrast. In the field of imaging processing, 

information entropy denotes the average information 

included in the image. A larger information entropy 

means a better fusion effect as it provide more details and 

information in the image. The mean gradient indicates 

the clarity of image and detailed texture features. The 

spatial frequency computed in the spatial domain is used 

to measure the overall activity level of an image. 

The objective performances of the proposed fusion 

method are summarized in Table 1. Also the fusion 

quality indexes of the multi-scale transform based  

dual-tree complex wavelet transform (DTCWT) with a 

decomposition level of 4 [16, 17] and two-scale image 

fusion using saliency detection (TS-SD) [18] are given 

for comparison.  

 

Table 1: Quality metrics of various fusion methods for 

polarimetric MMW imagery 

Source 

Images 
Metrics DTCWT TS-SD Proposed 

Digger 

SD 32.7446 34.4488 47.5733 

MG 3.7212 3.0040 3.7862 

EN 6.6312 6.5985 7.0216 

SF 13.4614 10.4936 13.4021 

Basin 

SD 63.4588 64.5289 65.5313 

MG 1.8458 1.6210 1.8706 

EN 5.2473 5.3465 5.4157 

SF 7.0857 5.7857 6.8539 

 

As shown in Table 1, the proposed fusion method is 

able to outperform TS-SD in terms of all quality metrics 

for the both experiments. The proposed method also  

has a better performance than DTCWT in most quality 

indexes except SF. We think that the excellent ability  

of details preservation contributes a better performance  

in SF for the DTCWT. Given that the passive MMW 

imaging sensors suffer from a problem of low resolution 

compared with high resolution optical imagery, the 

spatial attention model introduced for fusion weight 

maps construction plays a significant role to achieve the 

best performances in most cases for the proposed method. 

To evaluate the computational performance of the 

presented fusion method, the computational time for 

processing the digger and basin images is summarized  

in Table 2, and time for DTCWT and TS-SD algorithms 

is presented for comparison. Experiments are conducted 

on a computer with 2.6 GHz CPU and 8 GB RAM. The 

decomposition level of DTCWT is 4 in the experiment. 

From the above experimental results, it is concluded  

that two-scale decomposition based methods are more 

efficient than DTCWT, and the proposed method runs a 

bit faster than TS-SD. 

 

Table 2: Computational time of various methods 

Source Images 
Computational Time in Seconds 

DTCWT TS-SD Proposed 

Digger 0.219 0.020 0.016 

Basin 0.275 0.029 0.022 

 
B. Polarization information display results 

Also, the above collected polarimetric passive 

MMW imagery is dealt with the proposed polarization 

information display technique. Here the minimum 

saturation value sat  is set to 0.3 for a better visual effect. 

The color images obtained with the proposed method  

and PDC are presented in Fig.4 and Fig.5 for the digger 

imagery respectively. The parameters for PDC are chosen 

with the second method which would produce the most 

informative images qualitatively [12]. 

 

 
 

Fig. 4. Polarimetric passive MMW imagery of the digger 

displayed with the proposed technique. 

 

 
 

Fig. 5. Polarimetric passive MMW imagery of the digger 

displayed through PDC. 
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It can be found from the figures that a color image 

provides a more intuitive effect as objects are 

differentiated by color. Compared with PDC, the 

proposed technique in this paper offers a superior ability 

of object classification. Moreover, more details are featured 

with a various color saturation for each classification. 

Though the lawn is marked with green color, there is  

a minor difference between the lawn covered and 

uncovered by the reflection of digger. In addition, the 

radio frequency interference spots on the digger can be 

easily distinguished due to the highest saturation level. 

 

 
 

Fig. 6. Polarimetric passive MMW imagery of the basin 

displayed with the proposed technique. 

 

The color basin polarimetric passive MMW imagery 

displayed with the proposed method and PDC are 

presented in Fig. 6 and Fig. 7 respectively. It can be seen 

from the results that the lawn and gravel ground are 

separated with different colors by the proposed technique, 

whereas the difference cannot be distinguished in the 

color image generated with PDC. 

 

 
 

Fig. 7. Polarimetric passive MMW imagery of the basin 

displayed through PDC. 

 

V. CONCLUSION 
As the polarimetric radiation of object provides 

supplementary information for passive MMW imaging, 

the post-processing techniques are increasingly significant 

for polarimetric passive MMW imagery analysis and 

understanding. The polarimetric imagery fusion method 

and polarization display technique are discussed in this 

paper. The performances of the proposed fusion method 

are better than the methods of DTCWT and TS-SD in 

terms of objective imagery quality metrics. Additionally, 

it’s simple and computing efficient due to that the two-

scale decomposition does not rely on complex image 

decomposition steps. Also a technique for displaying 

polarization information through color is presented to 

provide a more informative image. The unpolarized image 

can be displayed simultaneously with the polarization. 

Compared with the conventional PDC technique, the 

proposed method has a better performance in the object 

classification and details presentation. 

As for the future work, more experiments will be 

conducted to further verify the performances of the 

proposed post-processing techniques for polarimetric 

passive MMW imagery. Additionally, there is a large 

quality of fusion algorithms which are applied in optical 

and infrared image processing. More efficient and  

better fusion methods can be explored to demonstrate  

the potential of radiometric polarization information 

application. 
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